Neste trabalho, a espectroscopia no infravermelho médio foi utilizada para investigar o efeito da quantidade (25 ou 40%) e do tipo de plastificante (di-2-etilhexil ftalato (DOP), di-2-etilhexil sebacato (DOS) e 2-nitrofenil octil éter (NPOE)) na resposta analítica de uma fase sensora de poli(cloreto de vinila) (PVC) para a determinação de hidrocarbonetos clorados (clorobenzeno (ClB), tricloroetileno (TCE) e triclorobenzeno(TCB)) em água. Foi observado que os filmes com 40% de plastificante geraram maior sensibilidade e menores limites de detecção que aqueles preparados com 25%, embora esses últimos sejam de manipulação mais fácil. Um comportamento similar foi também observado para fases sensoras preparadas com os plastificantes NPOE e DOS. Com o uso da fase sensora de PVC-DOS e um tempo de extração de 60 min, foram obtidos limites de detecção de 0,3, 0,6 e 0,5 mg L -1 para clorobenzeno, tricloroetileno e triclorobenzeno, respectivamente.
Introduction
Chlorinated hydrocarbons are a serious threat to the environment, as they are resistant to degradation. In addition, these compounds have a tendency to bioaccumulate in animals, making their identification and determination in water of great concern.
1 Their indiscriminate and uncontrolled use is associated with innumerable environmental problems caused by agrochemicals and other substances which contain chlorine. 2 Most of the chlorinated hydrocarbon compounds can be determined in water by gas chromatography (GC) in association with pre-concentration techniques, such as purge and trap, 3 solid-phase microextraction (SPME), 4, 5 static headspace 6 and headspace/SPME. 7 Usually, these methods are sensitive enough, although relatively expensive and difficult to apply for on-site monitoring. For this reason, it is convenient to develop simple, low-cost methods to analyse these environmental pollutants. Vol. 22, No. 8, 2011 As a consequence of their simplicity, expeditiousness and low cost, screening methods have been widely employed as alternative strategies to verify whether a particular area is contaminated. The goal of a screening procedure is to collect analytical data for a subsequent evaluation of the contamination degree of a specific area, as well as to guide forthcoming plans for monitoring and recovery/ remediation. 8, 9 Among analytical screening methods, chemical and physical sensors represent an emerging technology which can be important for the identification and quantification of harmful compounds. Their use is still not fully developed, requiring basic research to enable the development of simple and efficient methods for in situ applications. However, some optical sensors based on midinfrared spectroscopy have been successfully applied for detection of chlorinated hydrocarbons in water. [10] [11] [12] Analytical methods that employ mid-infrared spectroscopy, developed for the determination of hydrocarbons in water, are based on strategies that remove water from the spectral measurement, as this compound has a wide and intense absorption band which interferes in the direct determination of many analytes. 13 These pollutants are usually present in water in very small quantities, impairing their direct detection and quantification. However, if they are transferred to and concentrated in a solid phase (e.g., a polymer), their identification and determination are substantially facilitated.
14 This strategy, known as solid-phase microextraction (SPME), 15 is usually employed in gas chromatography and consists of concentrating the environmental contaminants for later analysis. In the infrared region, SPME is employed associated with attenuated total reflectance (ATR), [16] [17] [18] [19] [20] transflectance 13 and transmittance measurements. [21] [22] [23] Recently, Pejcic et al. 24 reviewed the application of MIR-ATR sensing for monitoring organic pollutants in water, addressing the effects of membrane type, film thickness and conditioning on the sensor response. Considering the determination of chlorinated hydrocarbons, different membranes have been investigated, such as polyisobutylene (PIB), 17, 18, [25] [26] [27] [28] ethylene/propylene copolymer (EcoP), 17, 18, 28, 29 low density polyethylene, 18 polydimethylsiloxane, 30 trichlorooctadecylsilane, 30 poly(ether-esteramide). 30 In addition, parafilm M 31,32 and polydimethylsiloxane 32 have been also used for determination of these compounds based on transmittance measurements.
In this context, the main objective of this work is evaluate polymeric films of poly(vinylchloride) as sensing phases for determination of chlorinated hydrocarbons in water by employing mid-infrared spectroscopy. For this purpose, the effects of the quantity of plasticizer (25 or 40%) and its type (di-2-ethylhexyl sebacate (DOS), di-2-ethylhexyl phthalate (DOP) and 2-nitrophenyl octyl ether (NPOE)) in the PVC sensing phase were evaluated using three chlorinated hydrocarbons of environmental interest: clorobenzene (ClB), tichloroethylene (TCE) and trichlorobenzene (TCB).
Experimental

Reagents and solutions
Chlorobenzene (Merck), trichloroethylene (Merck), trichlorobenzene (Vetec), methanol (Vetec), THF (Vetec) and sodium chloride (F. Maia) were used as purchased. Distilled-deionised water was used to prepare the contaminated water samples. PVC powder was supplied by Tiletron, while DOP (di-2-ethylhexyl phthalate) and Tinuvin P (2-(2-hydroxy-5-tert-octylphenyl)benzotriazol) were supplied by Ciba-Geigy. DOS (di-2-ethylhexyl sebacate) and NPOE (2-nitrophenyl octyl ether) were supplied by Sigma-Aldrich and used as received.
Stock solutions of each chlorinated hydrocarbon were prepared in methanol (50000 mg L -1 ) which were then properly diluted to obtain aqueous reference solutions from 0 to 80 mg L -1 . The methanol concentration in all solutions, including the blanks, was maintained at 3.2% (v/v), except for trichlorobenzene, where it was 16% (v/v).
Sensing phase preparation
Films were prepared from a mixture containing 0.3% (m/m) stabiliser, 25% (m/m) or 40% (m/m) plasticiser and enough PVC to obtain a total mass of 2.0 g. This mixture was dissolved in 40 mL of THF and the solution was spread on a Petri dish (10 cm diameter) and dried for 5 days at ambient temperature (22 ± 2 o C), producing films with thicknesses of 150 ± 20 µm, evaluated by means of a micrometer (Mitutoyo). The stabiliser Tinuvin P was used to slow down the photodegradation process of the PVC, thus increasing the lifetime of the sensor.
Procedure
Spectra were obtained with a Perkin-Elmer FTIR Spectrum GX spectrophotometer, in the range from 3100 to 650 cm -1 , with a resolution of 8 cm -1 and as an average of 8 scans. Before the extraction procedure, the spectrum of the sensing phase was taken for reference, providing the I 0 intensities for absorbance calculations.
Extractions were carried out by inserting the PVC sensing phase (a 54 mm 2 piece) and 3.0 g of NaCl into a 35 mL vial, which was then completely filled with an aqueous sample solution containing the chlorinated hydrocarbon and kept under stirring for fixed time intervals. Afterwards, the sensing phase was removed from the vial, dried with a soft tissue and placed in the optical path of the spectrophotometer with the aid of a home-made holder. 22 Sodium chloride was used in order to improve the extraction efficiency, due to the salting out effect. 21, 22 Except where mentioned, extraction time was set at 60 min, as this interval of time provided signals intense enough to demonstrate the feasibility of the proposed method.
Standard solutions were used to estimate the figures of merit. Analytical curves were constructed for different wavenumbers by employing derivative spectra (first derivative Savitsky-Golay filter with an 11-point window). The repeatability, expressed as the relative standard deviation (RSD), was estimated by means of four repetitions (different extractions with different sensing phases) using solutions of each analyte with concentrations of 40 mg L -1 . The limit of detection (LOD) was calculated by 3 SD blank /S, where SD blank is the standard deviation of the blank (a 3.2% (v/v) methanol aqueous solution) and S is the slope of the analytical curve.
In order to evaluate the interference of water, an attenuated total reflection probe (ATR, Axion Analytical, model DIPPER-210) was employed. The measurement was made directly in the aqueous solution containing 80 mg L -1 chlorobenzene, employing the spectrum of water as reference.
Results and Discussion
One limitation to the determination of chlorinated hydrocarbons in water by infrared spectroscopy is related to the high absorbance of the O-H group of water. 33 As depicted in Figure 1 , the spectrum of a 80 mg L -1 chlorobenzene in aqueous solution, obtained with the use of the ATR dipper, presents very low intensity, while an evident spectrum is obtained with transmittance measurements through the PVC sensing phase, after performing an extraction for 60 min according to the experimental conditions mentioned. The essential role of the sensing phase in the extraction and pre-concentration of the analyte is easily observed in the bands at 740, 700 and 683 cm -1 , which are characteristic for the chlorobenzene molecule. Figure 2 shows the characteristic peaks of chlorobenzene (ClB), trichloroethylene (TCE) and trichlorobenzene (TCB) in different regions of the spectrum, which were obtained with the use of the sensing phase. Except for the region around 3100 cm -1 , the bands of the three analytes are not completely overlapped. Trichlorobenzene presents high intensity peaks in all selected regions. In general, the C-H stretching bands found above 3000 cm -1 result from aromatic, heteroaromatic and alkene vibrations, whose frequency and intensity depend on the substitution pattern, as shown in Figure 2a . The C-C stretching bands of the aromatic skeletal are found in the regions from 1585 to 1600 cm -1 and from 1400 to 1500 cm -1 , as shown in Figure 2b . Trichloroethylene presents no bands in the 1000-1100 cm -1 region, where absorption bands due to C-H aromatic in-plane bending appear, 33 as depicted in Figure 2c . Finally, Figure 2d shows the fingerprint region of the spectrum, where the C-H aromatic out-of-plane bending as well as the C-Cl stretching bands for all the chlorinated hydrocarbons can be observed. The most intense band occurs at 819 cm -1 for trichlorobenzene. It is important to emphasize that the analytes used in the present study were individually evaluated, although in a contamination issue all of them can be present in the water sample, including other types of hydrocarbons (chlorinated, aromatic, etc.) that would absorb in the same region of the spectrum. For instance, the fingerprinting region is adequate for individually determine chlorobenzene, trichloroethylene and trichlorobenzene (Figure 2d ) as well as for determination of BTEX. 23 However, a mixture of chlorinated and aromatic hydrocarbons requires multivariate analyses for their determination, due to interferences and interaction effects. 23 These aspects extrapolate the objectives of the present work, which is focused on the evaluation of a PVC sensing phase for determination of chlorinated hydrocarbons, which, to the best of our knowledge, has not been applied to this task yet.
The properties of the sensing phase are strongly affected by the kind of plasticiser used and its concentration. Figure 3 shows the effect of the DOP plasticiser concentration on the absorption spectrum of chlorobenzene. For each region investigated, it can be easily observed that the signal increases with the concentration of plasticiser in the PVC. Figure 4 summarises the effect of the DOP concentration on the sensitivity and on the limit of detection for chlorobenzene in different spectral regions. Although these figures of merit are improved as the concentration of plasticiser is increased from 25 to 40%, the polymeric film became excessively flexible, making its handling very difficult. For this reason, the investigation of the effects of plasticiser on the PVC sensing phase was performed using concentrations of 25%.
The type of plasticiser also affects the signal intensity, as it changes the extraction efficiency and rate. Figure 5 shows the extraction profiles provided by DOP, DOS and NPOE-based sensing phases for a 80 mg L -1 chlorobenzene aqueous solution. As it can be seen, compared to DOS and DOP, NPOE causes enhancement of the extraction rate as well as of the efficiency due to its higher polarity (dielectric constant of 24). This result demonstrates the important role of the plasticiser, as DOS is more appropriate for extraction of benzene, toluene, ethylbenzene and xylenes from water. 22 In other words, the polarities of the plasticiser and of the analytes must be matched in order to improve the performance of the sensing phase. Independent of the plasticiser used to prepare the sensing phase, the saturation time was around 80 min, for measurements performed according to the procedure described in the experimental section.
Considering the strategy employed for transmittance measurements, which consists of removing the sensing phase from the aqueous solution and drying with a soft tissue before being placed in the holder, the evaporation rate of the extracted analytes must be investigated in order to demonstrate the feasibility of the method. Figure 6 indicates that the sensing phase prepared with DOS has the most rapid loss of chlorobenzene as a function of time, as it is the least polar plasticiser. However, the evaporation rate is still low, enabling the measurements to be performed without impairing the precision and the accuracy of the method. In addition, the sensing phase prepared with this plasticiser is easier to handle than that prepared with NPOE, indicating its use for subsequent studies with the analytes. Figure 7 shows the evaporation profiles for the chlorinated hydrocarbons previously extracted by the DOS-based sensing phase, indicating that trichlorobenzene evaporates more slowly than the other two analytes, as it presents the lowest vapour pressure.
The composition of the sample solution also affects the extraction efficiency of the sensing phase. For example, due to its low solubility in water, the aqueous trichlorobenzene solutions were prepared with the addition of 16% (v/v) of methanol, which allowed dissolution of up to 80 mg L -1 of the analyte. Figure 8 shows the effect of the amount of methanol in the aqueous solution on the extraction of trichlorobenzene by the sensing phase. As it can be noted, the signal intensity decreases as the concentration of methanol increases, since it enhances the solubility of the chlorinated hydrocarbon in water, therefore impairing the extraction efficiency.
The figures of merit were evaluated by using analytical curves, which were constructed at several wavenumbers. Initially, the effect of the type of plasticiser was investigated, by employing chlorobenzene as the analyte. Table 1 summarises the results obtained, where it can be observed that NPOE and DOS provide analytical curves with similar slopes and correlation coefficients. However, the highest relative standard deviations of the blank solution were obtained with the NPOE-based sensing phase, probably due to the interference of the absorption bands of this plasticiser. For example, the band at 740 cm -1 for chlorobenzene provided RSD of 20%, 13% and 5% with the use of NPOE, DOP e DOS, respectively. As a consequence, the sensing phase prepared with DOS allowed obtaining the best limits of detection, as shown in Table 1 .
The DOS-based sensing phase was then employed to determine the figures of merit for trichloroethylene and trichlorobenzene, whose results are listed in Table 2 . Although the extraction of TCB is impaired due to the high concentration of methanol in the solution, a limit of detection better than that for TCE was usually obtained, a result that can be explained based on the fact that the absorption bands of the plasticiser do not overlap the band of TCB. This overlap impacts the RSD values, which were lower than 15% and 8% for TCE and TCB, respectively. Table 3 compares the performance of the PVC sensing phase proposed in the present work with others described in the literature for the determination of chlorinated hydrocarbons in water. It is important to emphasize that the limits of detection reported in the literature are based on the IUPAC criteria, which employ the standard deviation of the baseline noise rather than the standard deviation estimated by the blank measurements. 31, 34 The former approach provides lower values, as indicated in Table 3 . Considering this aspect, it can be affirmed that the proposed PVC sensing phase presents similar performance to the previously described polymeric films. It should be noted that transmission measurements are simpler than ATR measurements, although the later can provide better results. 19 For TCE, the PVC sensing phase requires an extraction step five times shorter than does Parafilm M, giving a better limit of detection. In addition, the PDMS sensing phase has a limit of detection four times higher when the same extraction time is used. Regarding TCB, both qualitative and quantitative studies were found in the literature. 19, 25 An ATR probe coated with poly(ethyl-co-propylene) provided better limits of detection than those obtained in the present work. 19 However, it can be affirmed that PVC film plasticised with DOS seems to be the most promising sensing phase for determination of chlorinated hydrocarbons in water, as it allows simpler operational procedures.
Conclusions
The effects of different plasticisers and their quantities in a PVC sensing phase for determination of chlorinated hydrocarbons were investigated by employing a simple strategy of extraction and transmission measurements in the mid-infrared region. Higher concentrations of plasticiser improved the sensitivity as well as the limits of detection, although films with lower concentrations facilitate manipulation and the extraction procedure. Among the plasticisers investigated, DOS provided sensing phases with better analytical performance than those made with DOP and NPOE. By employing DOS-based PVC sensing phases and extraction times of 60 min, limits of detection of 0.3, 0.6, and 0.5 mg L -1 were obtained for chlorobenzene, trichloroethylene and trichlorobenzene, respectively. Comparing these results with those obtained by employing other polymeric films (PDMS, PIB and Parafilm M), the PVC sensing phase demonstrates better performance with respect to extraction time and limits of detection when transmittance measurements are employed.
